The initiation of hemodialysis is associated with an accelerated decline of cognitive function and an increased incidence of cerebrovascular accidents and white matter lesions. Investigators have hypothesized that the repetitive circulatory stress of hemodialysis induces ischemic cerebral injury, but the mechanism is unclear. We studied the acute effect of conventional hemodialysis on cerebral blood flow (CBF), measured by [
dialysis is associated with a significant loss of executive function. [6] [7] [8] [9] [10] There is increasing evidence that the HD procedure itself might contribute to brain injury. First, it was reported that stroke incidence rose in the first month of HD in elderly patients and remained elevated afterward compared with the period before initiation of HD. 11 Second, a longer HD vintage is associated with reduced white matter integrity on magnetic resonance imaging (MRI). [12] [13] [14] Finally, lowering the dialysate temperature resulted in an improvement in intradialytic hemodynamic stability and strongly attenuated the progression of white matter lesions during the first year of HD, providing indirect evidence that the HD procedure contributes to cerebral ischemia. 15 At present, the mechanism by which HD could contribute to brain damage is unknown. For the heart, it was shown that HD induces a fall in myocardial blood flow resulting in subclinical myocardial ischemia. [16] [17] [18] [19] Likewise, we hypothesized that a repetitive HD-induced cerebral blood flow (CBF) decline may lead to (cumulative) ischemic brain lesions. These lesions may contribute to the accelerated cognitive decline after the initiation of HD. To our knowledge, no study has yet evaluated the acute effect of HD on CBF using quantitative CBF measurements. We aimed to study the effect of HD on CBF early and late during the dialysis procedure using [ 15 O]H 2 O positron emission tomography-computed tomography (PET-CT) scans, which are considered the gold standard for CBF measurement. [20] [21] [22] The primary objective was to evaluate the effect of HD on global and regional CBF. The secondary objective was to explore associations of HD treatment-related factors with CBF.
RESULTS

Enrolment and Patient Characteristics
Of 78 eligible patients aged $65 years, 64 patients were asked to participate, and 15 patients gave written informed consent ( Figure 1) . None of the patients had to be excluded because of a significant carotid artery stenosis. Three patients withdrew from the study, because of a kidney transplantation, hip fracture, and withdrawal of consent, respectively. Twelve patients completed the study, of whom the characteristics are summarized in Table 1 .
HD Study Session Characteristics
During a single HD session three [ 15 O]H 2 O PET-CT scans were performed: Before (T1), shortly after the start of HD (T2), and at the end of HD (T3). The mean time interval between T1 and T2 was 39 minutes (range, 28-61 minutes). The second and third scans were performed at a mean of 21 minutes (range, 13-29 minutes) and 209 minutes (range, 168-223 minutes) after the start of HD, respectively. Intradialytic changes in vital and laboratory parameters are shown in Table 2 . Mean ultrafiltration (UF) volume was 19346781 ml, UF rate 6.762.5 ml/h per kilogram, and weight change 21.660.7 kg.
The Effect of HD on Systemic BP and CBF Mean arterial pressure (MAP) initially increased from 101611 (T1) to 105615 (T2) and then decreased significantly to 936 17 mm Hg at the end of HD (T3). The lowest individual nadir in systolic BP (SBP) during the HD study session was 105 mm Hg. The change in SBP and MAP between the start of HD and the nadir during HD ranged from 246 to +3 mm Hg, and from 223.3 to +9.7 mm Hg, respectively (Supplemental Table 1 ).
Global crude CBF levels of the individual patients are shown in Figure 2 . On average, global CBF declined from a baseline of 34.5 (31.4-37.9) ml/100 g per minute to 30.5 (27.7-33. 3) ml/100 g per minute at the end of HD in the linear mixed models (LMM) analysis (difference, 24.1 ml/100 g per minute; 95% confidence interval [95% CI], 27.3 to 20.9; P=0.03) (Table 3) . Regionally, CBF declined in all volumes of interest (VOIs) (Figure 3 , Table 3 ).
The relative change in crude CBF between T1 and T3 could be calculated for ten patients. Using descriptive statistics, the average (6SD) change in CBF was 210%615% for global, 211%617% for frontal, 211%616% for parietal, 210%6 14% for temporal, 29%613% for occipital, 210%613% for cerebellum, and 210%616% for thalamus perfusion.
Associations of HD Treatment-Related Factors with CBF To investigate the secondary objective, we explored a priori selected HD treatment-related factors that might potentially explain an intradialytic CBF change, using LMM. A higher UF volume, a higher tympanic temperature, and a lower pCO 2 were associated with a lower CBF in almost all VOIs (Table 4) . A higher UF rate was associated with lower frontal and temporal CBF (estimated effect, 21.2 ml/100 g per minute; 95% CI, 22.1 to 20.1; P=0.03 on frontal CBF; and 21.2 ml/100 g per minute; 95% CI, 22.0 to 20.3; P=0.02 on temporal CBF). A significant interaction of pH with scan-order was present for the association between pH and CBF in almost all VOIs. Higher pH was significantly associated with a lower regional CBF at T2 as compared with T1, but not at T3. Hematocrit was only associated with CBF in one VOI. When pH, UF volume,
Significance Statement
Evidence suggests that the hemodialysis procedure might induce brain injury. The transition to dialysis has been associated with a significant loss of cognitive function. Furthermore, cerebral ischemic injury increased after hemodialysis initiation and lowering the dialysate temperature attenuated the progression of white matter lesions in the brain. However, the mechanism by which hemodialysis could contribute to brain injury is unknown. This study demonstrates that hemodialysis induces a significant reduction in brain perfusion. This reduction might be a mechanism underlying the ischemic brain injury. A higher pH, body temperature, and ultrafiltration volume and rate were associated with lower brain perfusion. These observations might form a point of departure for further research to develop hemodialysis protocols that minimize or prevent cerebrovascular stress.
or tympanic temperature were added to the model, the effect of scan-order became nonsignificant. The analysis of MAP and CBF was limited by insufficient power due to considerable patient variation in MAP.
Associations of Cognitive Function and Structural
Markers of Brain Lesions with CBF No significant correlation between cognitive function or structural markers of brain lesions (i.e., the Fazekas score indicating severity of white matter lesions, and the presence of microbleeds) and baseline global or regional CBF was found (Supplemental Table 2 ).
Additionally, we tested the associations between cognitive function and structural markers of brain lesions with CBF using LMM, thereby including all CBF measurements. These analyses should be considered as hypothesis generating because of the relatively small sample size. Cognitive function and structural markers of brain lesions were not associated with global CBF (Supplemental Table 3 ). For regional CBF, a better executive function according to the Z-converted Trail Making Test B (TMT-B) and according to the TMT B/A ratio was associated with higher CBF at T2 as compared with T1 in several brain regions (Supplemental Table 3 ). A higher Fazekas score, indicating more severe white matter lesions, was associated with higher CBF in most regions at T2 as compared with T1. The presence of microbleeds was associated with higher CBF of the temporal lobe and cerebellum at T2 as compared with T1.
Adverse Event
One patient (identity 115) lost consciousness due to dialysisinduced hypotension shortly after the third scan. CBF decreased from 30.4 predialysis to 24.2 ml/100 g per minute (220%) at T3 shortly before he lost consciousness. This patient made a full recovery without sequelae. None of the other patients experienced intradialytic hypotension (IDH, i.e., SBP,100 mm Hg, or IDH symptoms), or received any intervention for IDH during the HD study session.
Sensitivity Analyses
Because CBF changes in the left and right hemispheres did not differ significantly, the hemispheres were merged for the aforementioned VOIs analyses. The results were basically identical when both hemispheres were analyzed separately (Supplemental Table 4 ).
In the analysis with T2 as the reference point for CBF change, global and regional CBF declined significantly between T2 and T3 as well (Table 3 ). Global and regional CBF did not differ significantly between T1 and T2.
The HD-induced change in regional perfusion of the gray matter was analyzed separately as opposed to the combined gray and white matter perfusion of these regions. In all VOIs, the decline in gray matter perfusion was similar to or even greater than the sum of gray and white matter (Supplemental Table 5 ).
DISCUSSION
The main finding of our study is that CBF declined by 10%6 15% during a conventional HD session in elderly patients on maintenance HD. The decline in CBF was similar for the various individual brain regions that were studied and therefore, most likely, affected both the anterior (i.e., the internal carotid arteries) and posterior (i.e., the vertebral and basilar arteries) circulation. The decline in CBF (220%) was symptomatic in one patient. HD treatment-related factors that might explain the intradialytic CBF decline were a higher tympanic temperature, a greater UF volume and UF rate, and a higher pH.
This study is new insofar as that CBF was quantitatively measured early and late during HD using a gold-standard technique, i.e., with [
15 O]H 2 O PET-CTscans. Previous studies estimating CBF during HD reported contradictory results and were limited by the use of the transcranial Doppler technique, which measures CBF velocity, and represents CBF only if the diameter of the insonated vessel remains constant during HD. [23] [24] [25] [26] [27] [28] Under normal physiologic conditions, CBF depends on cerebral perfusion pressure and cerebrovascular resistance. Hypothetically, CBF is kept relatively constant by cerebral autoregulation, a complex interplay of metabolic, myogenic, and neurogenic mechanisms. Whether HD affects these mechanisms due to the inherent hemodynamic stress and metabolic changes, is currently unknown. However, this study suggests that several HD treatment-related mechanisms might be involved in the intradialytic decline of CBF. First, cerebral perfusion pressure, defined as the difference between MAP and intracranial pressure, will depend largely on the MAP during HD. In this study, MAP decreased significantly between T2 and T3 but, unfortunately, the analyses of the association between MAP and CBF were inconclusive. Interestingly, a larger UF volume and rate, which may indicate greater hemodynamic stress, were associated with lower CBF. Second, cerebrovascular resistance might be modulated by intradialytic changes in metabolic factors, blood viscosity, and body temperature. pCO 2 , which was positively associated with CBF, remained constant during HD and did not explain the HDinduced CBF decline. A higher pH was associated with lower CBF only shortly after the start of HD, as compared with before the start of HD, but not at the end of HD. Hematocrit reflects blood viscosity, and an increase in hematocrit was reported to reduce CBF. 29 In this study, the rise in hematocrit was very small and is unlikely to explain the decline in CBF. Finally, a higher tympanic temperature was associated with lower CBF, which is in accordance with a previous trial on dialysate cooling by Eldehni et al. 15 These authors reported that lower dialysate temperature, which is thought to improve vascular resistance, 30 led to improved hemodynamic stability and prevented the development of white matter lesions in patients with incident HD compared with the use of a dialysate temperature of 37.0°C. 15, 31 Notably, in this study we used a relatively low dialysate temperature (36.5°C) and kept the room temperature stable at 20°C. Even then, CBF declined significantly.
An important question is whether repetitive HD-induced CBF declines are causally related to ischemic brain lesions and cognitive decline. To our knowledge, no data are available on clinical effects of a similar intervention-related CBF decline. Generally, the CBF threshold for ischemia is considered as ,10 ml/100 g per minute, and ,20 ml/100 g per minute for the penumbra that surrounds an ischemic event, indicating severely ischemic but still viable brain tissue. 32 In this study, these absolute CBF thresholds were not reached, because the lowest individual CBF level was 24.4 ml/100 g per minute at T3. However, whether CBF reductions lead to ischemia also depends on the duration of the CBF reduction, blood oxygenation, the efficacy of oxygen extraction, and capillary (dys) function. 33 The importance of oxygenation was underscored by a recent study that showed that a relative drop of 15% in cerebral oxygenation during HD, defined as cerebral ischemia, was associated with decreased executive cognitive function at 12 months. 34 Additionally, cerebral oxygenation was reported to be lower in patients receiving HD compared with patients receiving peritoneal dialysis, and with controls. [35] [36] [37] Moreover, oxygen extraction fraction was lower in patients receiving HD compared with controls. 38 An underlying reason for the lower oxygen extraction fraction might be the concept of capillary dysfunction, which was recently proposed as a source of stroke-like symptoms and cognitive decline. 33 In capillary dysfunction, changes in capillary flow patterns can limit the oxygen extraction in tissue, thereby making tissue hypoxia possible even in the presence of adequate cerebral blood supply. 33 Thus, a CBF decline together with low cerebral oxygenation, and low oxygenation extraction, might put the brain at risk for ischemia at a relatively higher CBF in patients receiving HD compared with nondialysis patients. Interestingly, endothelial injury and dysfunction, which is a common feature in patients receiving HD, 39, 40 is considered an important source of capillary dysfunction. 33 In this study HD-induced endothelial dysfunction likely occurred because plasma levels of myeloperoxidase and pentraxin 3 rose significantly during HD. [41] [42] [43] A limitation of our study is that we included a relatively small number of subjects due to the practical challenges of performing intradialytic PET-CT scans, especially in the elderly. Nevertheless, [ 15 O]H 2 O PET is the gold standard to measure CBF and this is the first study that quantitatively studied CBF during HD. Another limitation is that we included only elderly patients, with a relatively long median dialysis vintage, thereby limiting generalizability of our findings to the general dialysis population. In light of the small sample size, our findings with respect to the secondary objective of this study, i.e., associations of HD treatment-related factors with CBF, should be considered with caution. Future studies with a larger cohort of patients are needed to evaluate the intradialytic course of CBF in relation to simultaneous changes of MAP, pH, temperature, and hematocrit, and UF volume and rate, because the identification of HD treatmentrelated factors involved in CBF decline might help guide the design of new HD protocols that minimize cerebrovascular stress. Additionally, the longitudinal association between HD-induced CBF declines and cognitive function needs further attention. In conclusion, conventional HD induces a significant reduction in global and regional CBF in elderly patients receiving HD. Repetitive intradialytic decreases in CBF may be one of the mechanisms by which HD induces cerebral ischemic injury.
CONCISE METHODS
Patients and Study Design
This study was performed according to the principles of the Declaration of Helsinki and was approved by the Medical Ethical Committee of the University Medical Center Groningen, and registered at clinicaltrials.gov (NCT02272985). All patients gave written informed consent. The study was performed between March and November of 2015.
Patients receiving HD aged $65 years from our department with an arteriovenous fistula without significant recirculation were eligible for this study. Patients were studied during a regular dialysis session after the longest interdialytic interval (Monday or Tuesday). Patient characteristics were assessed at study entry and retrieved from the patients' medical history. Height was measured before, and weight before and after the HD study session. BP, heart rate, and tympanic temperature were measured before every PET-CT scan and every 30 minutes during the HD study session. For more information on study design, including additional in-and exclusion criteria, we refer to the Full Concise Methods (Supplemental Material).
HD Study Session
All HD study sessions were performed in the afternoon in the PETcamera room. The ambient temperature of the room was kept constant at 20°C, excluding an effect of outside temperature on cardiovascular stability during study sessions. After the first PET scan (T1), patients started dialysis still being in a horizontal position in the PET-camera. After the second PET scan (T2), which was performed within 30 minutes after the start of HD, patients were transferred to a hospital bed adjacent to the PET-camera to continue dialysis in a 30-45-degree supine position. Before the third PETscan (T3), which was performed in the final hour of the HD session. Approximately 30 minutes before the start of the third PET scan (T3), which was performed in the final hour of the HD session, patients were transferred back to the PET. A low-dose brain computed tomography was made before the first and third PET scans to correct for attenuation of the PET data. A bolus injection of [ 15 
Dialysis Settings
All patients were on bicarbonate dialysis with a low-flux polysulfone hollow-fiber dialyzer (F8; Fresenius Medical Care, Bad Homburg, Germany). Blood flow and dialysate flow rates were 200-300 and 500 ml/min, respectively. Dialysate temperature was 36.5°C in all patients. We used constant UF rate and dialysate conductivity. For dialysate composition we refer to the Full Concise Methods (Supplemental Material). 
PET Data Acquisition
MRI Data Acquisition
MRI was performed using a 1.5T whole body system (Aera, Siemens, Erlangen, Germany) on a nondialysis day. The study MRI was performed median 3 days (range, 272 to +3 days) after the HD study session. The scan protocol (total scan time 30 minutes) included Associations were studied using linear mixed effects models including a random intercept and slope. The estimated effect (95% CI) of the individual characteristics on CBF is presented. Of the a priori selected factors, the analysis of MAP and CBF was limited by insufficient power due to missing values and patient variation, and considered inconclusive. Hematocrit was associated with CBF only in one VOI. a T1-weighted, T2-weighted, three-dimensional fluid-attenuated inversion recovery, diffusion-weighted imaging, susceptibilityweighted imaging, and two-dimensional phase contrast sequences. No intravenous contrast was used. A neuroradiologist (PJvL) assessed white matter hyperintensities and cortical atrophy, using the Fazekas scale and the global cortical atrophy scale, respectively. 44, 45 Microbleeds were scored on the susceptibility-weighted imaging sequence.
Image Reconstruction and Preprocessing
Image processing and pharmacokinetic analysis were performed with PMOD 3.8 software (PMOD Technologies Ltd., Zurich, Switzerland). The average image (time-weighted) was used for rigid matching registration of the individual PET to the individual MRI. See Full Concise Methods (Supplemental Material) for background information on image reconstruction and processing.
Neuropsychologic Tests
A neuropsychologic assessment battery was performed to characterize the study population and included all major cognitive domains. For details on the neuropsychologic assessment battery we refer to the Full Concise Methods (Supplemental Material). The order of the tests was fixed and cognitive testing was performed on a nondialysis day. It took approximately 45-60 minutes per subject to complete the tests. The neuropsychologic assessment was performed median 95 days (range, 2196 to 233 days) before the HD study session.
Statistical Analyses
Intradialytic changes in levels of the HD-related characteristics were studied using repeated measures ANOVA (with a Greenhouse-Geisser correction in case of nonsphericity), with a Bonferroni correction. For the primary study objective, global and regional CBF changes were analyzed by LMM, which allowed for individual random intercepts and slopes of CBF over time. The random slopes were on the basis of the actual scan times per patient. Relative CBF change was calculated as the mean of the individual percentual change between T1 and T3 using descriptive statistics, and is reported as mean6SD (%).
For the secondary study objective, associations of HD treatmentrelated HD treatment-related factors, which might potentially explain CBF change, with CBF were studied. Those factors included MAP, pCO 2 , pH, tympanic temperature, hematocrit, and UF volume and were selected on the basis of literature. 15, 23, 24, 26, 34, [46] [47] [48] The factors were studied univariately using LMM, checking the significance of interactions with scan-order. Because UF volume was associated with CBF, the association between UF rate and CBF was evaluated as well.
In additional analyses, associations of cognitive test scores and structural brain characteristics with CBF were explored. To this end, we first tested correlations with baseline CBF using Pearson or Spearman correlation, if appropriate. Subsequently, we studied the associations including all CBF measurements in an LMM. For these analyses, the cognitive test scores were converted to Z scores.
Several sensitivity analyses were performed. First, regional CBF change was also calculated for the left and right hemisphere separately. Second, in order to eliminate a possible effect of HD on the arterial sampling from the arteriovenous fistula, CBF change between T2 and T3 was calculated. Third, CBF change in only the gray matter of each VOI was studied instead of the sum of gray and white matter of the corresponding region.
Two-sided P,0.05 was considered statistically significant. Statistical analyses were performed with SPSS, version 23 (SPSS Inc., IBM company), GraphPad Prism version 5.0 (GraphPad Software, San Diego), and R version 3.4.0 (R Core Team, 2017).
